Abstract: A noninvasive and radiation free technique for in-vivo measurement of the volume of organs or fluids in the human body is necessary for many clinical applications. Focused Impedance Method (FIM) is a novel technique of electrical impedance measurements which has enhanced sensitivity in a localized region. FIM can sense the change in transfer impedance of an organ within a reasonable depth of the human body using surface electrodes, minimizing contributions from its neighbouring regions. This of course assumes that the impedance properties of the embedded object are different from that of its surrounding tissues. This paper presents a new method for the determination of the volume of an organ within body using dual electrode separations of a concentric 4-electrode FIM configuration. In order to develop this formalism simulated FIM measurements using surface electrodes on a cubic volume conductor with embedded spherical objects were performed using a Finite Element (FE) based simulation software, COMSOL Multiphysics ® . For the present methodology, the conductivity of the object with respect to its surroundings and its depth need to be known. The former is obtainable through some primary invasive or in vivo measurements while the latter may be approximated using anatomy. Experimental results on a phantom made up of a cubic tank filled with saline showed that the proposed method can be used to determine the volume of embedded objects to an accuracy of about 5% which is adequate for most physiological measurements. The technique may also find use in geology, oceanography and industry.
INTRODUCTION
A measure of the volume of organs, masses or fluids within the body is of great importance both for evaluation and management of physiological disorders in the human body. For example, determination of the thyroid gland volume is essential for proper diagnosis and therapy [Tsuruta et al 1993 , Hansen et al 1979 . Similarly, the volume of acid secreted in the stomach [Hersey and Sachs 1995] needs to be measured for evaluation of gastric functionality [Ryle 1926, Howden and Hunt 1987] . Volumes of kidney, liver and prostate are indicative of several life threatening diseases [Grantham et al 2006 , Shoup et al 2003 , Chen et al 1999 . Progression of tumour within body can also be monitored by determining its volume. Computed tomography and isotopic methods are in use for estimation of in vivo organ volume [Geraghty et al 2004 , Tauxe et al 1982 , Heymsfield et al 1979 . However, these methods involve radiation hazards. Measurement of organ volume using ultrasonography is known to be safe although the presence of intra-thoracic components may lead to inaccurate results. Electrical impedance techniques have drawn attention of scientists over many years for physiological study and diagnosis as the human body is a volume conductor of electricity [Rigaud et al 1995] . Since organs, fluids or tumours within body possess different conductivity compared to its surrounding tissues; electrical methods have the potential to determine these volumes and the present work was taken up with this aim. Besides, non-invasive measurements were targeted, using skin surface electrodes.
Conventional tetra-polar (or four electrode) electrical impedance measurement (TPIM) is generally used for measurements on the human body [Lukaski and Bolonchuk 1988] as this can eliminate the contact potentials of the electrode-tissue interface which are particularly high for skin surface electrodes at low frequencies. Besides, the measurements are all performed using ac rather than dc to avoid electrochemical potentials and possible tissue injury. In the TPIM arrangement, an alternating current of constant amplitude is injected into a volume conductor through a pair of surface electrodes and the resulting voltage across another surface electrode pair is measured. The ratio of the measured voltage to the injected current gives the transfer impedance of the volume conductor for a particular electrode configuration [Brown et al 2000] . The extent to which a change in conductivity of a point within the volume conductor contributes to the measured transfer impedance is defined as the sensitivity of that point. One of the major disadvantages of TPIM technique is its extended spatial sensitivity distribution [Islam et al 2010] and therefore is not suitable for localized measurements. Electrical Impedance Tomography (EIT) has shown the promise of conductivity imaging which may be used to have localized information [Holder 2010 ]. However, the resolution that EIT can offer is poor and dependent on number of electrodes. Moreover, the effect of 3 rd dimension may give erroneous image [Rabbani and Kabir 1991] . EIT requires many electrodes making it complex from a practical point of view.
Focused Impedance Method (FIM), an innovation of our extended group at the University of Dhaka, uses only a few electrodes to obtain a localized sensitivity distribution. It can measure the change in transfer impedance of a specified target zone within a volume conductor minimizing the contribution from its neighbors [ (Rabbani et al 1999 , Rabbani and Karal 2008 , Islam et al 2010 , Kadir et al 2013 , Kadir et al 2015 . It has three versions using 8, 6 and 4 electrodes. The basis of the FIM technique is that the impedance of the region of interest is measured along two mutually perpendicular directions giving an enhanced sensitivity in the central region compared to its surroundings. In 4-electrode FIM, electrodes are placed at the corners of a square region on the surface of a volume conductor. In the first step, an alternating current is driven through two adjacent electrode pair (drive electrodes) while the potential is measured across the other pair (receive electrodes). The ratio of measured voltage to the injected current gives the transfer impedance in one direction. Then a similar measurement is performed in an orthogonal direction and the sum of these two transfer impedance values gives the focused impedance (FZ). The FIM technique has already been applied successfully in the study of gastric emptying [Rabbani et al 1999] , lung ventilation [Kadir et al 2010] , abdominal fat thickness measurement [Surovy et al 2012] , breast tumour characterization [Al Amin et al., 2014] and has potential application in other in other areas [Rabbani and Kadir 2011] . A preliminary simulation study has shown the potential of FIM in estimating the volume of insulating objects embedded within a volume conductor [Kadir et al 2013] . In the present study, the efficacy of using 4-electrode FIM for volume determination was investigated in detail considering both conducting and resistive objects located inside volume conductors. The study was performed using finite element based simulations which was then validated using phantom measurements.
METHODS, OBSERVATION AND RESULTS
The AC/DC module of the finite element based software Comsol Multiphysics ® [Multiphysics 2012] was used to simulate the impedance measurements as described below. A cubic insulating tank with 0.3m sides and filled with saline of conductivity 0.2S/m was modeled as the volume conductor. Four cylindrical electrodes of diameter 1cm were placed at the corners of a square region, centrally on the top surface (figure 1) to configure for 4-electrode FIM measurement. The electrode arrangement is shown more clearly in figure 1 (right), marked A to D, the separation between the centers of the adjacent electrodes being termed as the Electrode Separation (ES). A spherical object of conductivity different from that of the background volume was placed within the volume conductor keeping its center below the center of the electrode configuration. The distance between the center of the object and the electrode plane was denoted as depth (d) . For simulated FIM measurements, an alternating current of amplitude 1A was driven through the electrode pair (A,B) using the electric current (ec) interface of COMSOL AC/DC module. The receive electrodes (C,D) were then considered as boundary probes to measure the voltage difference developed. In the next sequence, the electrode pair (A,D) was used for current injection and the voltage was measured across the pair (B,C). Focused impedance (FZ) was then calculated summing the two voltage values (although strictly it should be the average of the two values, for simplicity in measurement, the sum is considered). The simulation was performed in the frequency domain with a drive current frequency of 5 kHz. The governing equations for the FEM computations are,
where, J, Q j, σ, ω, ε 0 , ε r , E, J e and V are the current density, source charge, electrical conductivity, angular frequency, permittivity in free space and relative permittivity of the material, electric field, external current density and electric potential respectively.
To investigate the effect of electrode separation ES, initially, the FZ values of the volume conductor without any object was computed at different electrode separations. Then a spherical object of a certain diameter of conductivity 2.0 S/m (10 times more conducting than the volume conductor) was placed at a depth (d) from the electrode plane and FZ values were computed with the same values of ES as above keeping the object conductivity and depth constant. The difference between the corresponding FZ values with and without object was termed ∆FZ. Similar measurements for ∆FZ were performed for an object with conductivity 0.02S/m (10 times less conducting than the volume conductor). To understand the boundary effect, the above measurements were repeated for a larger cubic volume conductor of side 100cm keeping all other parameters same. Similar measurements were then performed varying the conductivity of the target object with different radii (r) and placed at different depths.
To validate the simulation results experimentally, a similar study was performed on an insulating cubic tank filled with saline. The dimensions of the tank were identical to the first sized tank (0.3m cube) used for simulation study. Spherical insulating balls were used as objects which were hung using fine insulating threads. The focused impedance values were measured at two electrode separations using a commercial four electrode impedance meter (Maltron Bioscan-II, UK).
The variations of ∆FZ against ES for objects with conductivity 10 times and 0.1 times that of background and with different radii embedded in a cubic volume conductor of side 0.3m are plotted in figure 2 . ∆FZ is positive for less conducting objects and negative for more conducting objects. It can be observed that for all object sizes ∆FZ decreases with increasing ES. The decrease in ∆FZ is sharper at lower ES and less sharp at higher electrode separations reaching an almost constant value. Intuitively, ∆FZ should approach zero at higher electrode separations but it is not so as can be seen in figure 2, even for r = 0.03m at ES = 0.2m. This may be due to boundary effect of the volume conductor which is 0.3m in this case. To investigate this phenomenon, the study was repeated on a cubic volume conductor of side 1.0m. Figure 3 shows the variation of ∆FZ against ES for this larger volume conductor where the ∆FZ value is much less, almost zero at ES=0.2m. Therefore, the nonzero values of ∆FZ at large ES in figure 2 were indeed due to boundary effect.
Figures 2 and 3 show that at lower electrode separations, the variations of ∆FZ with ES are almost linear and the slopes of this linear part of the curves are higher for objects having greater radius. This indicates that the slope values may be used to determine the object volumes. So we defined a parameter, slope (S) of the linear portion of the curves between two chosen electrode separations ES 2 and ES 1 as: We then plotted the slope S with the object volume, V for different depths and these are shown in Figure 4 . It is striking to observe that for a constant depth (d), S varies linearly with volume of the object, and the slope of these lines in turn changes with the depth. The slope S can be expressed mathematically as, … (6) where A is the slope of a straight line corresponding to a particular depth. The value of A is positive for objects with conductivity lower than that of the background of the volume conductor. On the other hand, the value of A is negative for objects with conductivity higher than that of the volume conductor. The slope A clearly on the depth of the object. It is also expected to depend on the conductivity and permittivity of the object and that of the volume conductor. From figure 4 it can be seen that the magnitude of A decreases with increased depth of the object. To explore the relationship between A and depth of the embedded object d, the magnitude of A was plotted against inverse of depth in figure 5 . The straight line fit indicates that A is inversely proportional to d which can be expressed mathematically as … (7) where K and C are constants which depend on the conductivity and permittivity of the object and the volume conductor under investigation, dimension of the volume conductor and the electrodes used and the electrode separations chosen.
Equation (6) and (7) can be combined as (8) Which gives the volume of the embedded object in terms of other measured parameters. Therefore, the volume of an arbitrary object embedded in a volume conductor can be determined measuring the focused impedances at two electrode separations if the depth of the object and its impedivity are known. 
PERFORMANCE EVALUATION
To study the accuracy of the proposed method of volume determination using a COMSOL simulation, objects of different conductivity and volume were introduced within the volume conductor at a few different depths. The focused impedance values at two electrode separations were obtained and the volume of the object was then calculated using equation (8).
To validate the method experimentally, measurements were performed on a cubic tank filled with saline having dimensions identical to that used in the simulation study. Insulating spherical objects of known volume were placed within the tank and focused impedance values were measured. In figure 6 , A is plotted against inverse of depth which shows almost a linear dependence as in the simulation study. For objects of apparently unknown volume, focused impedance values at two electrode separations were measured and then their volumes were calculated using equation (8). Table 2 summarizes the results obtained from the real life measurements. Here the error was slightly greater, but no more than 7%. 
DISCUSSIONS AND CONCLUSIONS
The present work has put forward a new technique for measurement of the volume of an object embedded within a volume conductor using 4-electrode FIM, based on Finite Element simulations. The method has also been verified successfully using both simulated and real life phantom experiments. This technique uses two different electrode separations of FIM and is expected to be useful for objects at reasonable depths from the surface. Of course this technique requires the object depth from the electrode surface to be known, and in case of large organs inside the human body, anatomy can provide this information. This also needs the conductivity values of the target organ with respect to that of the background volume conductor, which has been taken as uniform in the present study. For real life situations in the human body, this latter situation of a background with uniform conductivity will not hold, however, to a certain degree of accuracy, this assumption may give useful results. Again, the conductivity of the target organ should also be available through previous measurements on many subjects.
Although the study was performed only for spherical objects inserted in a homogeneous and isotropic volume conductor, the proposed technique has the potential of giving useful results even when the shape deviates somewhat from a sphere. Thus for estimating volume of an organ within the human body, for instance, estimating the volume of gastric acid in stomach, the volume of urine in bladder, etc., this new method may be useful.
The simulated measurements described in this section were performed over a limited range of object diameters and depths. The ranges used can be approximately expressed as 0<2r<ES 1 and 0<d<ES 1 , where r is the radius of the object and d is the depth of the center of the object with respect to the electrode surface, ES 1 being the smaller of the two electrode separations of the 4-electrode FIM used.
Whether it is applicable to a wider range has to be found out through further work.
The close agreement between the initial assumed radius and the calculated value obtained through the simulated FIM measurements as well as experimental results speaks of success of the new technique of FIM with dual electrode separations. The new technique for volume measurement using FIM will have applications in many areas including Biomedical Physics & Engineering, geology, oceanography, and industry. [193] [194] [195] [196] [197] 
